1. Alcohol Use and Its Impact {#sec1-biomolecules-07-00062}
=============================

According to the National Survey on Drug Use and Health conducted in 2015, 86.4% of U.S. adults report consuming alcohol at some point in their lives \[[@B1-biomolecules-07-00062]\]. Additionally, 15.1 million adults reported having an alcohol use disorder \[[@B1-biomolecules-07-00062]\]. Alcohol abuse has been linked to a number of detrimental health effects. In fact, alcohol is known to contribute to roughly 200 disease states \[[@B2-biomolecules-07-00062]\]. Chronic alcohol consumption/abuse directly damages several organs, including the liver \[[@B3-biomolecules-07-00062]\], lung \[[@B4-biomolecules-07-00062]\], skeletal muscle and heart \[[@B5-biomolecules-07-00062]\], the brain \[[@B6-biomolecules-07-00062]\], and the pancreas \[[@B7-biomolecules-07-00062]\] (See [Figure 1](#biomolecules-07-00062-f001){ref-type="fig"}). Furthermore, alcohol is considered a group 1 carcinogen for cancers of the gastrointestinal (GI) tract, liver, breast and pancreas by the International Agency for Research on Cancer \[[@B8-biomolecules-07-00062]\]. Ultimately, alcohol consumption is responsible for \~6% of all disability-adjusted life years (DALYs) lost in the United States \[[@B9-biomolecules-07-00062]\], most of which are attributable to alcohol-induced toxicity as opposed to alcohol-related accidents.

2. Alcoholic Liver Disease {#sec2-biomolecules-07-00062}
==========================

The liver is strategically located between the intestinal tract and the rest of the body, making it a critical organ in the clearance of toxins and xenobiotics, including alcohol, that enter the portal blood. The concentration of alcohol found in the portal blood is at least 2--3-fold higher than that in the systemic circulation \[[@B10-biomolecules-07-00062]\]. Additionally, the liver is the primary site of alcohol metabolism, which produces toxic intermediate metabolites (e.g., acetaldehyde). Therefore, it is not surprising that the liver is a primary target of alcohol toxicity.

Alcoholic liver disease (ALD) is a global health burden, impacting millions of patients each year. ALD is actually a well-characterized spectrum of disease states, ranging from simple steatosis (i.e., fatty liver), to steatohepatitis (characterized by inflammation and necrosis), and, ultimately, to fibrosis and cirrhosis. Alcohol consumption increases the risk of developing ALD in a dose and time-dependent manner \[[@B11-biomolecules-07-00062],[@B12-biomolecules-07-00062]\]; however, only a small fraction of even the heaviest drinkers will develop the most serious stages of the disease. This finding suggests that other factors (e.g., environmental or genetic) also contribute to overall risk \[[@B13-biomolecules-07-00062]\]. Key aspects of currently-available ALD therapies focus on maintaining abstinence in the alcoholic and treating sequelae associated with severe disease, such as acute alcoholic hepatitis or cirrhosis \[[@B14-biomolecules-07-00062]\]. Without a successful liver transplant, the effects of decompensation (e.g., hepatorenal syndrome) usually lead to the death of the patient. \[[@B15-biomolecules-07-00062]\]. Additionally, preexisting cirrhosis increases the overall risk for hepatocellular carcinoma (HCC) by roughly 20-fold, even in the case of compensated cirrhosis \[[@B16-biomolecules-07-00062]\]; this cancer has a dismal prognosis, with five year survival almost nil \[[@B17-biomolecules-07-00062]\].

End-stage decompensated liver disease and alcoholic hepatitis (AH) are widely recognized as systemic disorders. In fact, in patients with these sequelae of ALD, cause of death is usually due to multiple organ failure, rather than liver injury, per se \[[@B18-biomolecules-07-00062]\]. For example, over 30% of AH patients developed multiple organ failure, including renal, circulatory, respiratory, muscle loss and neurological complications \[[@B19-biomolecules-07-00062]\]. Furthermore, patients with AH are also susceptible to the development of systemic inflammatory response syndrome (SIRS; \[[@B19-biomolecules-07-00062]\]), which has also been associated with increased mortality. Taken together, it is universally understood that the clinical sequelae of AH and cirrhosis involve multiple organs.

Given the poor prognosis of treating clinically-relevant ALD (i.e., AH and cirrhosis), additional research is needed to develop more effective therapies. While the stages of ALD have been well-characterized, targeted therapies to prevent or reverse this process in humans are still needed. Better understanding of risk factors and mechanisms underlying disease progression can lead to the development of rational therapies to prevent or reverse ALD in the clinic. A potential area of targeted therapy for ALD may be organ--organ communication in the early stages of the disease. In contrast to AH and end-stage liver diseases, the involvement of multiple organs in the development of ALD is less understood. The impact of these changes on pathology in the liver and other organs may not only influence disease progression during the development of the disease, but also the outcomes of end stages diseases. The purpose of this review is to summarize the established and proposed communication between the liver and other organ systems that may contribute to the development and progression of liver disease, as well as to other organs. Potential mechanisms of this organ--organ communication are also discussed.

3. Mechanisms of Inter-Organ Communication {#sec3-biomolecules-07-00062}
==========================================

There are many mechanisms by which cells in one organ can communicate at long distances with the cells of another tissue. This review will highlight the roles of nutrients, hormones and hepatokines, innervation, extracellular vesicles, cytokines and chemokines, and molecular "danger signals" such as pathogen-associated molecular patterns (PAMPS) and danger-associated molecular patterns (DAMPS).

3.1. Nutrients, Hormones and Hepatokines {#sec3dot1-biomolecules-07-00062}
----------------------------------------

In addition to its central role in xenobiotic metabolism, the liver is critical for maintaining metabolic homeostasis and for the synthesis and processing of lipids and carbohydrates \[[@B20-biomolecules-07-00062],[@B21-biomolecules-07-00062]\]. It is also the major site of synthesis of several key proteins and bile acids that are critical for the normal uptake of vitamins and lipids. The liver plays an absolutely critical role in supplying fuel to other organs (e.g., muscle, heart and brain), especially during the postabsorptive state. Therefore, alterations in the flux of carbohydrates and lipids through the liver can indirectly impact distal organs, as their energy sensing mechanisms respond to these changes. Nutrient levels in the liver also directly mediate responsive changes in the central nervous system (CNS) via glucose sensing afferent neurons in the liver and other organs; these sensors are hypothesized to mediate rapid central responses to short-term energy status alterations.

There is intricate crosstalk between these metabolic systems, which is controlled by a complex interplay of nuclear receptors, intracellular signaling pathways and transcription factors. Hormones and other endocrine mediators play a key role in regulating these responses. The liver is well known to respond to several endocrine hormones, including insulin, glucagon, thyroid hormones and cortisol. The liver also produces several hormones that can mediate several extrahepatic effects, such as insulin-like growth factor, angiotensinogen and thrombopoietin. Furthermore, it has become increasingly clear that the liver produces several endocrine-like "hepatokines" that play key roles in regulating extrahepatic responses (e.g., fibroblast growth factor 21 (FGF21); \[[@B22-biomolecules-07-00062],[@B23-biomolecules-07-00062]\]). The net effect of these interactions is to generate an organ that rapidly responds to endocrine signals, as well as rapidly produces endocrine signals in response to stimuli.

3.2. Innervation {#sec3dot2-biomolecules-07-00062}
----------------

As mentioned above, the liver has several afferent neurons that mediate and coordinate its responses with extrahepatic targets, especially the CNS. This circuitry plays a key role in metabolic homeostasis, stress responses, and inflammation \[[@B24-biomolecules-07-00062],[@B25-biomolecules-07-00062],[@B26-biomolecules-07-00062],[@B27-biomolecules-07-00062]\]. Experimental evidence suggests that the sympathetic nervous system and ethanol interact with and partially mimic each other. Indeed, acute alcohol intoxication increases the levels of adrenaline and noradrenaline in the plasma \[[@B28-biomolecules-07-00062]\]. Furthermore, blocking this interaction via adrenalectomy, hepatic vagotomy, or adrenorecepor blockade attenuates the alcohol-induced hypermetabolic state in the liver \[[@B29-biomolecules-07-00062],[@B30-biomolecules-07-00062]\]. Additionally, repeated ethanol administration increases the gene expression of enzymes required for catecholamine synthesis in the adrenal medulla, as well as increasing plasma catecholamine levels. \[[@B31-biomolecules-07-00062]\]. Although it is understood that such networks can mediate coordination between organs in response to stress or dyshomeostasis in general, the specific impact of these interactions in the context of organ--organ crosstalk in ALD is incompletely understood.

3.3. Extracellular Vesicles {#sec3dot3-biomolecules-07-00062}
---------------------------

Extracellular vesicles (EVs), a term that includes microvesicles (MV), exosomes, and apoptotic bodies, are an emerging mechanism of organ--organ communication in many diseases, including ALD \[[@B32-biomolecules-07-00062]\]. Extracellular vesicles are defined as membrane-bound vesicles, ranging 0.1--1.0 μm in diameter, which are released from cells by budding of the cellular plasma membrane \[[@B32-biomolecules-07-00062],[@B33-biomolecules-07-00062]\] ([Figure 2](#biomolecules-07-00062-f002){ref-type="fig"}). Extracellular vesicles can carry a diverse cargo, including lipids, proteins, RNAs, and miRNAs. One of the first studies to address the role of EVs in liver disease suggested that platelet-derived EVs could be used as a marker of hepatic fibrosis in chronic hepatitis C \[[@B34-biomolecules-07-00062]\]. EVs have subsequently been implicated across the spectrum of liver diseases, including hepatitis viruses B and C, hepatocellular carcinoma, acute-on-chronic liver failure, non-alcoholic fatty liver disease (NAFLD) and ALD \[[@B32-biomolecules-07-00062],[@B35-biomolecules-07-00062]\].

Extracellular vesicles are attractive therapeutic targets, due to both their potential mechanistic role in disease progression, as well as for being potential surrogate biomarkers. Over 10 years ago, it was proposed that MVs are (at least) surrogate biomarkers of advanced ALD \[[@B36-biomolecules-07-00062]\]. Furthermore, a recent study described that alcohol exposure causes a release of hepatic EVs that contain a distinct miRNA profile \[[@B37-biomolecules-07-00062]\]. It was also found that patients with ALD had elevated circulating EVs, and that these EVs also may carry a unique miRNA "barcode" \[[@B37-biomolecules-07-00062]\]. EVs may not only serve as surrogate biomarkers of ALD, but they may also play a mechanistic role in disease progression. For example, ethanol-exposed HepG2 cells release EVs that subsequently activate cultured macrophages and primary Kupffer cells to the proinflammatory M1 phenotype \[[@B38-biomolecules-07-00062]\]. CD40 ligand (CD40L), one of the EV proteins found in this in vitro study, was also found in EVs from sera of ALD patients. Importantly, genetic or pharmacologic, inhibition of CD40L protected against experimental ALD in mice, supporting the hypothesis that this EV cargo may have a mechanistic role in mediating disease \[[@B38-biomolecules-07-00062]\].

In addition to mediating intra-organ communication between cells, EVs can also mediate inter-organ communication \[[@B39-biomolecules-07-00062]\]. For example, adipose-derived EVs from genetically obese mice activate circulating monocytes when injected into lean mice \[[@B40-biomolecules-07-00062]\]. Furthermore, remote preconditioning, such as the cardioprotective effect of hind limb ischemia-reperfusion injury, is also hypothesized to be mediated by EVs (e.g., \[[@B41-biomolecules-07-00062],[@B42-biomolecules-07-00062]\]). The potential role of circulating EVs in mediating organ--organ communication in the context of ALD are not currently understood and would be an interesting target for further investigation.

3.4. Cytokines and Chemokines {#sec3dot4-biomolecules-07-00062}
-----------------------------

Cytokines are a diverse group of small signaling molecules that mediate the immune and inflammatory responses. This group includes growth factors, interleukins, interferons, and chemokines, among others ([Figure 2](#biomolecules-07-00062-f002){ref-type="fig"}). A wide variety of cell types both produce and respond to cytokines, including inflammatory cells, such as monocytes, macrophages, and neutrophils, as well as parenchymal cells. Cytokines can be primarily classified into two groups: T helper 1 (Th1) and T helper 2 (Th2). The Th1 cytokines are typically considered "pro-inflammatory", including tumor necrosis factor-α (TNF-α), interleukin (IL)-1, IL-6, and interferon. The Th2 cytokines are considered "anti-inflammatory" or "pro-fibrotic" and include IL-10 and IL-4. Homeostasis mediated by these cytokines ensures appropriate immune and inflammatory responses, with minimal normal tissue damage. These mediators also facilitate a coordinated response to insults and injuries that stem well beyond the primary target organ.

Dysregulated cytokine production has been implicated in the development and progression of liver diseases, including NAFLD and ALD \[[@B43-biomolecules-07-00062]\]. Kupffer cells, the resident hepatic macrophages, play a key role in monitoring, clearing and mediating responses to gut-derived toxins, such as bacterial lipopolysaccharide (LPS). Alcohol consumption has long been known to increase gut permeability, leading to increased LPS in the portal circulation \[[@B44-biomolecules-07-00062],[@B45-biomolecules-07-00062]\]. LPS and other bacterial toxins interact with Kupffer cells via toll-like receptors (TLRs) including TLR4. Activation of the TLR4 signaling pathway leads to increased transcription of several pro-inflammatory cytokines. It is therefore not surprising that patients with ALD have increased levels of several circulating cytokines, including TNF-α \[[@B46-biomolecules-07-00062]\]. Other cytokines also likely play key roles, but TNF-α is likely the most well studied.

TNF-α is widely recognized as having a potential role in organ--organ communication in alcohol-induced organ injury. TNF-α is suspected to be a common mechanism of alcohol-induced pathology not only in the liver \[[@B47-biomolecules-07-00062],[@B48-biomolecules-07-00062]\], but also in other organs, such as the lung and the brain. In the lung, chronic alcohol pre-exposure enhanced endotoxemia-induced acute lung injury (ALI), which was prevented by blocking systemic TNF-α with etanercept \[[@B49-biomolecules-07-00062]\]. In the brain, alcohol exposure enhances the increase in TNF-α levels in caused by LPS, which is also prevented by deleting the canonical TNF-α receptor (TNFR1; \[[@B50-biomolecules-07-00062]\]). However, experimental models also suggest that systemic TNF-α contributes to injury in organs that are not primary targets of alcohol abuse, including the lung and the brain. The source of this systemic TNF-α ultimately remains unknown, although the liver is clearly a likely key player. The potential for a liver--lung and liver--brain axis in the setting of chronic alcohol exposure will be discussed in a later section of this review.

3.5. PAMPs and DAMPs {#sec3dot5-biomolecules-07-00062}
--------------------

As mentioned above, the gut-derived toxin, LPS, has long been identified as playing a potential role in ALD. The primary receptor for LPS (TLR4) belongs to a family of pattern recognition receptors (PRRs). Ligands for these receptors are grouped together as molecular "danger signals," and include PAMPs and DAMPs ([Figure 2](#biomolecules-07-00062-f002){ref-type="fig"}). PAMPs include products of microbial (e.g., bacterial endotoxin or bacterial DNA), viruses, fungi, and parasites. DAMPs, on the other hand, are endogenous danger signals released from dead or dying cells; examples include extracellular DNA or RNA, free fatty acids, and high motility group box-1 (HMGB1), among others \[[@B51-biomolecules-07-00062]\]. Signals derived by PAMPs/DAMPs can span multiple organs, and are thought to contribute to systemic inflammatory responses (e.g., SIRS; \[[@B52-biomolecules-07-00062]\]). The innate immune system surveils qualitative and quantitative changes in the spectrum of PAMPs and DAMPs as a means to mount rapid and coordinated responses to any perceived threat that is driving those changes. Although this response is important for normal immune/inflammatory function, dysregulation of this response can lead to inappropriate inflammation and tissue damage. Ethanol consumption appears to broadly dysregulate the response of these receptors and enhances expression of several TLRs, as well as their responses to stimuli \[[@B53-biomolecules-07-00062]\].

The involvement of PAMPs in organ--organ crosstalk is perhaps best understood in the context of the gut--liver axis. Intestinally-derived "toxins" were found to be normally present in the portal blood by Pavlov as early as 1893 \[[@B54-biomolecules-07-00062]\]. Several years later, several studies indicated that experimental fibrosis induced by choline deficiency depended on intestinal-derived bacterial products. Rutenburg et al. demonstrated that non-absorbable antibiotics attenuated diet-induced fibrosis in rats \[[@B55-biomolecules-07-00062]\]. The role of systemic PAMPs (e.g., LPS) in liver diseases is not limited to diet-induced cirrhosis, but is also established in models of toxicant-induced fibrosis (e.g., carbon tetrachloride (CCl~4~) administration), as well as other acute and chronic liver diseases \[[@B56-biomolecules-07-00062],[@B57-biomolecules-07-00062]\]. High systemic levels of the PAMP, LPS, are found in both acute and chronic liver diseases \[[@B58-biomolecules-07-00062],[@B59-biomolecules-07-00062]\].

Aside from the liver, GI-derived PAMPs during alcohol exposure can affect other organs, such as the brain. Although LPS cannot directly cross the blood--brain barrier, LPS injection increases brain inflammation. This increased inflammation in the brain is likely due to the increase in systemic inflammatory cytokines, such as TNF-α \[[@B50-biomolecules-07-00062]\]. Interestingly, modulation of the gut barrier with nutritional therapies has yielded protective effects in human and animal studies \[[@B60-biomolecules-07-00062],[@B61-biomolecules-07-00062],[@B62-biomolecules-07-00062]\]. The role of the gut permeability in the gut-liver axis in ALD will be discussed in detail in a later section of this review.

One of the best-understood DAMPs, or "alarmins", is HMGB1. HMGB1 is a constitutively-expressed nuclear protein that is released from necrotic cells. A recent study demonstrated that HMGB1 translocation from the nucleus to the cytosol correlated with disease severity in liver biopsies from ALD patients \[[@B63-biomolecules-07-00062]\]. Additionally, knocking out HMGB1 in hepatocytes protects mice against alcohol-induced liver injury. HMGB1 signaling has also been shown to be elevated in alcohol-induced injury in the brain \[[@B64-biomolecules-07-00062],[@B65-biomolecules-07-00062]\] and pancreas \[[@B66-biomolecules-07-00062]\]. However, the role of HMGB1 and other DAMPs in organ--organ crosstalk in the setting of ALD has been largely unexplored.

Although less characterized in the setting of ALD, the concept that circulating DAMPs may be involved in organ--organ crosstalk in other disease states is clearly established. For example, trauma elevates circulating mitochondrial DAMPs (MTDs), such as mitochondrial DNA, and is hypothesized to contribute to SIRS under that condition \[[@B67-biomolecules-07-00062]\]. Human neutrophils exposed to MTDs have increased expression of the chemokine IL-8. In the same study, it was demonstrated that MTDs derived from rat liver cause lung injury in recipient rats; this injury was characterized by vascular leak, pulmonary edema, neutrophil infiltration, and accumulation of inflammatory cytokines in the alveolar space. As mentioned above, SIRS has been established as a significant risk factor for mortality from AH \[[@B19-biomolecules-07-00062]\]. Therefore, it is not unlikely that circulating DAMPs may be involved. This would be an interesting target for further investigation.

4. Known Organ--Organ Interactions in Alcoholic Liver Disease {#sec4-biomolecules-07-00062}
=============================================================

As mentioned previously, end-stage ALD is well-recognized as a systemic disorder. Communication between the liver and other organs has also been established, however, in earlier stages of the disease. This review will discuss potential interactions between the liver and the gut, the brain, adipose tissue, the lung, and the kidney ([Figure 3](#biomolecules-07-00062-f003){ref-type="fig"}).

4.1. Gut--Liver Interactions {#sec4dot1-biomolecules-07-00062}
----------------------------

As discussed in [Section 3.4](#sec3dot4-biomolecules-07-00062){ref-type="sec"}, the liver and the gut have established interactions in ALD ([Figure 3](#biomolecules-07-00062-f003){ref-type="fig"}). Specifically, alcohol feeding impairs gut barrier integrity, allowing for the leakage of bacterial products, including bacterial endotoxin, into portal circulation. The liver is therefore the first tissue to contact these gut-derived toxins. Furthermore, endotoxin (i.e., LPS) has a mechanistic role in alcohol-induced hepatic inflammation, as discussed previously in [Section 3.3](#sec3dot3-biomolecules-07-00062){ref-type="sec"}. Alcohol exposure is known to decrease expression of tight junction proteins in vivo \[[@B68-biomolecules-07-00062]\] and in vitro \[[@B69-biomolecules-07-00062]\]. Recently, mechanistic roles of miRNAs for control of gut tight junction proteins have been elucidated. For example, knockdown of miRNA-212 prevented ethanol-induced disruption of the tight junction protein, zonula occludens-1 (ZO-1), in the intestinal epithelium of mice exposed to chronic alcohol \[[@B70-biomolecules-07-00062]\]. Additionally, inhibition of miRNA-122a protected against ethanol-induced occludin loss in Caco-2 cells \[[@B68-biomolecules-07-00062]\]. In both of these cases, protection against alcohol-induced gut barrier dysfunction was associated with attenuation of alcohol-induced liver injury.

One key aspect of gut-liver communication in ALD is alcohol-related gut dysbiosis. This topic has been recently reviewed extensively \[[@B71-biomolecules-07-00062],[@B72-biomolecules-07-00062]\]. Using next generation sequencing, recent studies have described in detail the qualitative and quantitative changes in the gut microbiome in mice \[[@B73-biomolecules-07-00062]\] and humans \[[@B74-biomolecules-07-00062]\]. Interestingly, clinical studies have revealed that although not all patients who heavily consume alcohol develop gut dysbiosis, those that develop this condition have a higher degree of intestinal permeability than those who do not \[[@B75-biomolecules-07-00062]\]. Furthermore, recent studies suggest that Diagnostic and Statistical Manual (DSM-V) mental disorders, including alcohol use disorders (AUDs), may have an underlying dysbiotic cause \[[@B76-biomolecules-07-00062]\]. Taken together, these data have made the gut microbiome an attractive target for therapy in patients who abuse alcohol \[[@B77-biomolecules-07-00062]\].

Probiotics (agents containing live bacterial cultures), prebiotics (agents that promote the growth of beneficial or commensal bacteria), and antibiotics have all been investigated as potential therapies for alcoholic liver disease. Recently, administration of various probiotic compounds was shown to protect against alcohol-induced liver injury in mice \[[@B78-biomolecules-07-00062]\]. Clinically, administration of probiotics improved gut-dysbiosis and plasma transaminase levels in ALD patients \[[@B60-biomolecules-07-00062]\]. Evidence suggests that factors secreted by commensal bacteria are themselves protective against alcohol-induced gut permeability and ALD. Indeed, the supernatant of *Lactobacillus rhamnosus* GG culture has been protective in mouse models of acute alcohol exposure \[[@B79-biomolecules-07-00062]\], chronic alcohol exposure \[[@B80-biomolecules-07-00062]\], and chronic plus binge alcohol exposure \[[@B81-biomolecules-07-00062]\]. Prebiotics have also been demonstrated to attenuate alcohol-induced liver injury in animal models. Supplementation of an ethanol-containing diet with oats protected against alcohol-induced hepatic oxidative stress \[[@B82-biomolecules-07-00062]\], and in another study, supplementation of a chronic alcohol-containing liquid diet with flaxseed oil protected against alcohol-induced hepatic inflammation and restored alcohol-induced gut dysbiosis \[[@B83-biomolecules-07-00062]\]. Treatment with antibiotics has also been clinically demonstrated to attenuate alcohol-induced endotoxemia by preventing the overgrowth of harmful bacteria in the gut \[[@B84-biomolecules-07-00062]\]. Indeed, the relationship of the gut microbiome and the liver in the setting of alcohol exposure is complicated. Germ-free mice showed enhanced susceptibility to acute alcohol toxicity by showing increased hepatic steatosis and an increased rate of ethanol metabolism \[[@B85-biomolecules-07-00062]\]. Communication from the gut to the liver is an interesting target for further investigation.

This communication may also be bi-directional \[[@B72-biomolecules-07-00062]\]. Chronic alcohol consumption alters the composition of bile produced in the liver. Alcohol exposure increases production of bile acids from the liver \[[@B86-biomolecules-07-00062]\]. Bile acids prevent the growth of bacteria and may exert antimicrobial effects in the small intestine by binding to the bile acid receptor, farnesoid X receptor (FXR) \[[@B87-biomolecules-07-00062]\]. Antimicrobial immunoglobulin A (IgA) also increases in livers of alcohol-exposed animals \[[@B88-biomolecules-07-00062]\]. It is hypothesized that increases in hepatic-derived IgA may be a natural defense against alcohol-induced translocation of microbes and bacterial products \[[@B72-biomolecules-07-00062]\]. Although the interactions between the gut and liver have been investigated extensively, further mechanistic insight would be beneficial for the development of effective therapeutics.

4.2. Liver--Adipose Interactions {#sec4dot2-biomolecules-07-00062}
--------------------------------

Although patients with end-stage liver disease often exhibit significant muscle wasting, chronic alcohol consumption is often associated with being overweight. In fact, individuals who are overweight and heavily consume alcohol are at the most significant risk for developing serious fatty liver disease \[[@B89-biomolecules-07-00062],[@B90-biomolecules-07-00062],[@B91-biomolecules-07-00062],[@B92-biomolecules-07-00062]\]. The liver--adipose axis in chronic alcohol exposure is relatively well-characterized, and has been extensively reviewed elsewhere \[[@B93-biomolecules-07-00062]\]. For example, it is well-known that alcoholic patients exhibit a decrease in adipose fat, but an increase in liver fat \[[@B94-biomolecules-07-00062]\]. Furthermore, blocking alcohol-induced adipose triglyceride depletion using dietary zinc supplements attenuates the development of alcoholic hepatic steatosis in mice \[[@B95-biomolecules-07-00062]\]. However, the mechanism of "reverse triglyceride transport" has only recently been established experimentally \[[@B96-biomolecules-07-00062],[@B97-biomolecules-07-00062]\]. Mice were exposed to deuterium water to label adipose triglycerides, and then fed an alcohol-containing liquid diet for two weeks. Alcohol feeding caused accumulation of deuterium-labelled triglycerides in the liver, thereby establishing that adipose-derived triglycerides contribute directly to alcoholic hepatic steatosis ([Figure 3](#biomolecules-07-00062-f003){ref-type="fig"}).

Adipose-derived signaling molecules, or adipokines, also contribute to the development of ALD. Adiponectin is an anti-inflammatory adipokine that has been shown to be decreased in the plasma of alcohol-fed rodents \[[@B98-biomolecules-07-00062]\]. One potential mechanism by which alcohol blocks adiponectin release from adipose tissue is activation of the inflammatory response. Alcohol administration in rodents causes increased TNF-α expression in adipose tissue \[[@B99-biomolecules-07-00062]\]. TNF-α directly inhibits the release of adiponectin from the adipose tissue \[[@B100-biomolecules-07-00062]\], ultimately impairing lipid metabolism in target organs, such as the liver. Furthermore, administration of adiponectin protects against alcohol-induced hepatic steatosis and liver injury in mice \[[@B101-biomolecules-07-00062]\]. The adipose-liver axis is an interesting target for further investigation.

4.3. Liver--Brain Interactions {#sec4dot3-biomolecules-07-00062}
------------------------------

Hepatic encephalopathy, or declining brain functions in patients with liver disease, is one manifestation of decompensated ALD. However, evidence suggests that interactions between the liver and brain, as well as the gut, may contribute to alcohol-induced brain injury and inflammation even with mild alcohol consumption ([Figure 3](#biomolecules-07-00062-f003){ref-type="fig"}). For example, the brain is responsive to systemic inflammation. Cytokines in the brain, such as TNF-α, are elevated after systemic LPS injection, even though LPS itself does not cross the blood--brain barrier \[[@B102-biomolecules-07-00062]\]. Furthermore, as mentioned previously, mice lacking TNFR1 demonstrated elevated TNF-α in liver and serum, but not in the brain \[[@B103-biomolecules-07-00062]\]. Similarly, mice exposed to intragastric ethanol display elevated TNF-α in the brain \[[@B102-biomolecules-07-00062]\].

Not only is the brain susceptible to alcohol-induced systemic inflammation, but the brain itself may also contribute to this pathology. For example, alcohol exposure interferes with the stress response via disruption of the hypothalamo--pituitary--adrenal (HPA) axis (reviewed in \[[@B104-biomolecules-07-00062]\]). In animal studies involving self-administration of ethanol, "non-dependent" animals showed elevated blood cortisol levels after alcohol consumption. On the other hand, "dependent" animals, who voluntarily consumed higher amounts of alcohol, showed blunted blood cortisol levels, suggesting that chronic alcohol abuse produces tolerance to the alcohol-induced stress response \[[@B105-biomolecules-07-00062]\]. Therefore, alcohol-induced suppression of the HPA axis may be a potential mechanism by which systemic inflammation persists in individuals who chronically consume alcohol.

Finally, communication between the gut, liver, and brain is also an important aspect of organ--organ crosstalk during alcohol exposure. As previously discussed, the loss of gut barrier integrity after alcohol exposure is a primary cause of endotoxemia in alcoholic patients. Gut-derived LPS activates hepatic macrophages to produce TNF-α, which, along with other systemic sources of this cytokine, may contribute to inflammation in the brain. Furthermore, alcohol-mediated changes in the gut, including gut dysbiosis, may also contribute to alcohol dependence-related behaviors \[[@B106-biomolecules-07-00062]\]. Indeed, the gut microbiome is thought to play a role in controlling different aspects of behavior, potentially through endocrine signaling, neural signaling, and the immune system \[[@B107-biomolecules-07-00062]\]. Furthermore, one study shows that treating patients with depression, who also display systemic inflammation, with an inhibitor of TNF-α showed improved symptoms \[[@B108-biomolecules-07-00062]\]. However, a direct link between alcohol-induced dysbiosis and alcohol dependence behavior is yet to be established, and is an interesting target for further investigation.

4.4. Liver--Lung Interactions {#sec4dot4-biomolecules-07-00062}
-----------------------------

The idea of the liver--lung axis in the setting of chronic alcohol exposure is based on clinical data demonstrating that patients with a diagnosed alcohol use disorder have increased susceptibility to bacterial infection, increased incidence of and mortality from acute respiratory distress syndrome (ARDS) and causes hepatopulmonary syndrome \[[@B109-biomolecules-07-00062],[@B110-biomolecules-07-00062],[@B111-biomolecules-07-00062]\]. Furthermore, in ARDS patients with hepatic failure, mortality increases to almost 100% \[[@B110-biomolecules-07-00062]\]. Pulmonary injury induced by LPS can be altered by mediators released from the liver (e.g., TNF-α). Indeed, in an elegant study by Siore et al., LPS-induced lung damage required perfusion with the liver \[[@B112-biomolecules-07-00062]\].

In a more recent study, mice were exposed to chronic alcohol on the Lieber DeCarli liquid diet for six weeks, followed by intraperitoneal injection of LPS \[[@B49-biomolecules-07-00062]\]. The differential effects on cytokine expression in systemic circulation and locally in the lung (i.e., bronchoalveolar lavage fluid (BALF)) were examined. Animals pre-exposed to an ethanol diet had significantly elevated levels of plasma TNF-α after LPS injection compared to animals fed a control diet. In the BALF, however, ethanol pre-exposed animals had elevated levels of the TNF-α-responsive chemokines, macrophage inflammatory protein (MIP)-2 and keratinocyte chemoattractant (KC). This elevated chemokine expression also correlated with increased pulmonary neutrophil recruitment. Interestingly, blocking systemic TNF-α using a TNF-α-inhibiting antibody, etanercept, significantly attenuated the alcohol-enhanced pulmonary chemokine expression, and ultimately, alcohol-enhanced lung injury and inflammation after LPS ([Figure 4](#biomolecules-07-00062-f004){ref-type="fig"}). While the liver is not the sole source of systemic TNF-α in this experimental setting, other studies have demonstrated that ablation of Kupffer cells before LPS injection decreased systemic TNF-α levels by almost 90%, indicating that these cells are in fact a predominate source of plasma TNF-α in experimental endotoxemia \[[@B113-biomolecules-07-00062]\]. Future studies should aim to develop a more specific system to directly examine the role of hepatic-derived cytokines in alcohol-enhanced pulmonary injury. As in the other axes of injury discussed in this review, communication between the liver and lung during injury may also be bi-directional. In a mouse model of ventilator-induced lung injury, perfusate from injured lungs caused a robust inflammatory response in cultured hepatic sinusoidal endothelial cells \[[@B114-biomolecules-07-00062]\], suggesting lung-derived mediators may contribute to liver inflammation in this disease model. However, there are currently no studies investigating the role of lung-derived mediators in alcohol-induced liver injury; this would be an interesting target for further investigation.

5. Summary and Conclusions {#sec5-biomolecules-07-00062}
==========================

In conclusion, while multiple organ failure is a hallmark of decompensated, end-stage alcoholic liver disease, there is an increasing appreciation for communication between organs during earlier stages of the disease. Organs can communicate with one another via several potential mechanisms, including extracellular vesicles, cytokines and chemokines, PAMPs and DAMPs, and the nervous system ([Figure 2](#biomolecules-07-00062-f002){ref-type="fig"}). The liver is proposed to communicate with other organs, such as the gut, brain, lung, and adipose tissue using these mechanisms, as well as others (e.g., muscle; [Figure 3](#biomolecules-07-00062-f003){ref-type="fig"}). Understanding the mechanisms by which organs communicate during the inflammatory injury phase of ALD may allow for the development of targeted therapeutics to protect one or all of these systems from alcohol-mediated toxicities.
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![Organs targeted by alcohol abuse. Alcohol abuse is known to injury several organs in the human body, including liver, brain and pancreas. Furthermore, alcohol abuse is associated with dysfunction/injury in several other organs, such as the lungs, muscles and respiratory tract. It is likely that the metabolic demand of metabolizing pharmacologically-relevant (mM range) concentrations of alcohol explains, at least in part, the broad impact of this toxin. ALD: alcoholic liver disease; ALI: acute lung injury.](biomolecules-07-00062-g001){#biomolecules-07-00062-f001}

![The liver at the center of organ--organ axes. There are several physiologic and pathophysiologic mechanisms by which inter-organ communication can be mediated, such as via nutrients, hormones and hepatokines (see [Section 3.1](#sec3dot1-biomolecules-07-00062){ref-type="sec"}), afferent and efferent innervation ([Section 3.2](#sec3dot2-biomolecules-07-00062){ref-type="sec"}), release of extracellular vesicles ([Section 3.3](#sec3dot3-biomolecules-07-00062){ref-type="sec"}), cytokines ([Section 3.4](#sec3dot4-biomolecules-07-00062){ref-type="sec"}) and pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) ([Section 3.5](#sec3dot5-biomolecules-07-00062){ref-type="sec"}). LPS: lipopolysaccharide; TNF-α: tumor necrosis factor-α.](biomolecules-07-00062-g002){#biomolecules-07-00062-f002}

![Specific mechanisms of communication in response to stress. Injured cells can release several signals to mediate communication between them and distal tissues. The profiles of both T helper 1 (Th1) (i.e., proinflammatory) and T helper 2 (Th2) (i.e., anti-inflammatory or profibrotic) cytokines is altered during hepatic injury. Additionally, the liver can respond to PAMPs (e.g., bacterial LPS) from other organs, such as the gastrointestinal (GI) tract, and/or respond or release DAMPs (e.g., high motility group box-1 (HMGB1)) that serve as 'danger signals' to pattern recognition receptors in other organs. IL: interleukin.](biomolecules-07-00062-g003){#biomolecules-07-00062-f003}

![Hypothesized axis between the liver and lung in ALI. Ethanol pre-exposure primes both the liver and lung to enhanced injury and inflammation caused by PAMPs (e.g., LPS). Furthermore, the release of proinflammatory cytokines (e.g., TNF-α) into the systemic circulation from the liver may enhance inflammatory lung injury in the context of ALI. CXCL: C-X-C motif ligand.](biomolecules-07-00062-g004){#biomolecules-07-00062-f004}
